Magnetization-blocking process in chemical remanent magnetization was demonstrated through the size development of ferromagnetic precipitates generated by an aging of Cu-Co alloy, the magnetic behaviour of which changes from superparamagnetic to stable single domain and then to multidomain one, according to the increase in the size of the precipitates. It has been shown that a remanent magnetization is acquired during the transition from a superparamagnetic to stable ferromagnetic state and that the remanent magnetization thus obtained decreases as a result of the formation of domain walls if the size of the precipitates exceeds the critical single domain grain size. The result can be well explained by Neel's thermal fluctuation theory of single domain grains and the domain structure theory of ferromagnetics. The particle sizes at various stages of aging were estimated by different granulometry methods with roughly consistent results. The general idea confirmed in the present study has been successfully extended to the CRM phenomena in synthetic and natural ferromagnetic minerals. It was suggested that specimens produced by low temperature chemical changes can be classified into four groups, i.e. the superparamagnetic stage, magnetically-stable single domain stage, the transient stage from single domain to multidomain structure and the perfectly developed multidomain stage from the view-point of the nucleation of ferromagnetic minerals. The magnetic behaviour of several specimens already reported can be consistently interpreted on the basis of the present experiment.
Introduction
It has been shown by Haigh (1958) and the present author Kobayashi 1958, Kobayashi 1959 ) that Chemical Remanent Magnetization , or CRM is acquired by magnetic materials undergoing a chemical change (e.g. a-Fe2O3Fe3O4) in a weak magnetic field at a constant temperature below the Curie temperature . The author has also shown that the stability of this type of remanent magnetization is very similar to that of thermoremanent magnetization (TRM), although the intensity of the former is not so great as that of the latter. As for natural rocks and ore deposits , on the other hand, many specimens have been presumed as examples of chemical remanent magnetization.
The intensity of their natural remanent magnetizations is widely distributed.
For example, natural specimens containing maghemite or titanomaghemite can be classified into two groups with respect to the magnitude of NRM and Qn-ratio ; the one has a large magnitude of remanence and Q, amounting to 100, while the Q, of the other is quite small and its NRM is sometimes unstable.
It was first suggested by Haigh that a single domain grain theory of TRM proposed by Neel (1949) is applicable to the magnetization-blocking process of chemical remanent magnetization.
The similarity of TRM and CRM in their stability seems to indicate the adequacy of Haigh's theory, although it has not alluded to the variety in intensity of CRM at all.
Experiments demonstrating the production of CRM have recently been carried out by the author with Cu-Co alloy (Kobayashi 1960) . The alloy has been investigated by many researchers (e.g. Mitui and Miyahara 1953 , 1955 , Mitui 1958 , Sato and Mitui 1959 , weil and Gruner 1956 , J.J. Becker 1957 , (b), Bean and Jacobs 1955) , ysince the phase diagram was established by Tamman and Oelsen (1930) and magnetic precipitates of face-centred cubic structure containing approximately 10%
Cu in the non-ferromagnetic Cu matrix, if the homogeneous Cu-Co alloy containing
Since the Curie temperature of the precipitates from the Cu-Co alloy is far above the corresponding solvus curve, variation of magnetization and remanent magnetization of the precipitates with increasing aging time can directly been measured at the aging temperature. It has been concluded from the varied phenomena observed by other authors that the precipitation proceeds in this alloy in such a way that the average particle size of the ferromagnetic precipitates increases with time, while the total amount of the precipitates is kept constant during aging except for a short time interval in the initial stage. From these view-points, this alloy may be the most suitable specimen to examine the magnetization-blocking process during chemical changes.
Measurements carried out so far by the author are as follows:
(i) Change in saturation magnetization with aging time.
(ii) Total and remanent magnetization at the various stages of aging under the influence of various intensities of a magnetic field.
(iii) Production of thermoremanent magnetization by cooling the precipitates under the influence of a magnetic field.
The phenomena observed in (ii) must be distinguished from the so called magnetic field annealing effect. The former is related only to the alignment of the magnetic moment of each particle, while the latter concerns change in the bulk properties such as anisotropy, coercive force and so on, induced in the specimen.
In the following sections, it will first be mentioned how to prepare and how to (Nagata, Uyeda and Akimoto 1952) . Remanent magnetization was also measured with the same method by switching off the electric current of the field coil for several seconds. The influence of the suppression of the applied field for such a short interval may be negligible in the results. Fig. 2 (1), (2) shows two examples of the results of these measurements.
Reversible magnetization Jp, mostly due to superparamagnetism (except in the later stages of precipitation) was calculated here as the difference between magnetization It is well-known (Kittel 1945 , 1949 , Neel 1947 ) that a ferromagnetic particle changes its magnetic structure from multidomain to single domain when its size becomes quite small. Further, Neel (1949) pointed out that if a single domain particle is small enough, its direction of magnetization may be spontaneously reversed by the effect of thermal activation energy kT which overwhelms the energy barrier against the rotation of magnetization Kuv even in the absence of a magnetic field.
decay of a remanent magnetization of an assembly of such particles is expressed by
In this expression, v is the volume of the particle, f0 is a frequency factor of the order of 109 sec-1, and it is assumed that the particles have a uniaxial anisotropy . the first order coefficient of which is Lv. For particles with an anisotropy of cubic symmetry, the energy barrier between the adjacient easy directions, i.e. -Kv/4kT for K>0
and -Kv/12kT for K<0, will appear in the exponential instead of Kuv in the above formula (2).
The above treatment is for the case of a zero applied field. If a reversing field H is applied along the easy axis of an aligned assembly of uniaxial particles, the energy for a small H. Then the equation (2) is changed as denoted by (3) where to is the time for experiment. When v/T is less than ac, the assembly can come to a thermal equilibrium state in the experimental time. This state can be achieved either when the volume of each particle v becomes smaller than vb=acT at the ordinary temperature or when the temperature is higher than Tb=v/ac, which is called "blocking temperature ". 
For a high field, it approaches saturation in the form of
This behaviour of small particles has been termed " superparamagnetism " by Bean (1955) . In the present aging experiment, ferromagnetic precipitates are so small in particle size that they behave " superparamagnetically " in the first stage of aging. Thus, according to the increase in the average particle volume v with increasing time, reversible magnetization of the system in a low magnetic field increases with aging time as clearly seen in eq. (5) in which J/JS is nearly proportional to v.
2. Stable single domain stage
When v/T exceeds ac according to the development of the volume of the precipitates, relaxation time is much larger than the experimental time and the magnetization of particles becomes stable. The state of magnetization of the system is then "frozen"
and the specimen will maintain a memory of the field present at the time of v/T=ac. The freezing of magnetization may occur on account of at least two kinds of mechanisms ; one is the cooling of the system from a temperature above its blocking temperature Tb=v/ac, which was treated by Neel (1949 Neel ( , 1955 in his theory of the thermo- 
and for high fields
In other words, this sort of distribution of the particle volume affects the magnetization curve, only near the approach to saturation.
The upper curve in Fig. 4 is a modified Langevin function thus obtained with Js= 1300 emu/cc. The curve is fairly well fitted to the measured values (hollow circles). This result indicates that the precipitated particles in the specimen examined here are between 66A to 120A in their radii.
2. Field dependence of the peak intensity of remanent magnetization.
Although the curves of remanent magnetization as a function of aging time also reach a peak after a constant aging time, a mathematical treatment of the field dependence of their peak values is more complicated than in the case of superparamagnetism.
For the sake of simplicity, consider an ideal model of the alloy in which N number of identical particles with equal volume v precipitated in non-magnetic matrix. With the increase in aging time, the volume of each particle v increases, while N decreases in such a way as to keep the total volume of the precipitated materials Nv = V always constant through the precipitation process. Assuming that the particles have a spherical shape and an infinite number of easy magnetization axes, the intensities of Jp and Jr are given as follows :
1. v < vc ; superparamagnetic stage (11) since Jp,s= (V/ U )JS, where U is the valume of the alloy specimen.
2. v=vc; the beginning of magnetization-freezing, (13) 4. vD>v>_vc ; the magnetic moments are completely frozen,
5. v> vD ; formation of domain walls where JE/H0 shows the ordinary reversible susceptibility of stable ferromagnetics. It must be noted that, as seen in the above equation (14), the peak intensity of remanent magnetization is dependent on vc', not on vD.
In the actual alloy, the precipitates have various sizes with different rates of size development, and moreover, they have f.c.c. crystal symmetry and, in a later stage of precipitation, a plate-like shape (Bean, Livingston and Rodbell 1957) . Nevertheless, these formulae seem to be applicable to the analysis of the measured results.
Neel assumed, in his theory of TRM, the assembly of prolate-spheroid particles, 1/3 of which have major axes parallel to the field and 2/3 of which have those perpendicular to the field. According to his model, the above mentioned formulae (12), (13), (14) must be replaced by (15) etc. In the present case, however, L(a) seems to be preferable because the precipitates in the alloy are oriented at random without any preferential directions.
from the numerical value of the critical volume given so as to fit the curve to the measured values (solid circles) as closely as possible. It is remarkable that the curve approaches saturation in an applied field below 100 Oe, which is very weak compared with the coercive force of the same alloy already aged to a magnetically-stable stage.
about 130A if an approvable spheroidal shape with the axis ratio 1.4 (M-N= 0.22) is assumed for the precipitates. This is also quite acceptable since it is a little larger than r determined from the curve of maximum superparamagnetism.
Thermoremanent Magnetization and Size Distribution of Superparamagnetic Particles in Various Stages of Aging
As mentioned in the previous section (3. 2), magnetization of superparamagnetic particles is blocked by cooling through their blocking temperatures as well as by the increase in the particle size. Fig. 6 shows the growth of remanent magnetization in the case of cooling appropriately annealed Cu-Co alloys to a low temperature in a magnetic field of 10 Oe. Measurements are performed as follows : at a designated under the influence of a magnetic field (10 Oe), the thermal variation of remanent the remanent magnetization thus acquired in the specimen is a typical example of " thermoremanent magnetization" (TRM) obtained by each precipitated particle when it is cooled through its blocking temperature. It is also shown by experiment that, if the specimen is heated, the remanent magnetization inversely decreases with increasing temperature along the same curve as in the cooling process. This is a wellknown property of TRM.
In an assembly of particles having different blocking temperatures of a wide range such as the precipitates in Cu-Co alloy, there holds the linear addition law of partial TRM, namely,
where (To) denotes partial TRM, i.e. a remanent magnetization after cooling to H being applied only in a temperature range between TZ and Ti-1 (Ti> Ti-1). As the saturation magnetization of f.c.c. Co-precipitates is practically constant between T0 and the aging temperature Tn,(To) may be replaced by (Ti) in the present at various values of Ti from the curves in Fig. 6 . On the right-hand side of the figure, the relative intensity of remanent magnetization blocked by volume development during aging which is read from the heights of the right ends of the curves in Fig. 6 is also demonstrated. It can be clearly seen from the mode of partial TRM spectra how the distribution of the size of the precipitates gradually shifts towards the right side with increasing aging time until the magnetization of particles is frozen one after another from larger ones during an isothermal aging.
It must be mentioned that such spectrum of partial TRM as those described here may be useful as a technique for determining the distribution function of particle size.
If the saturation magnetization of the fine particles JS is not constant in the whole (Weil 1954 , Weil and Gruner 1956 , Henning and Vogt 1957 . Weil proposed a method to estimate the size distribution of superparamagnetic particles from the temperature dependence of the ratio of remanence to saturation magnetization.
The method proposed in this section is similar to Weil's but seems to be more readily available to us. Each specimen can be successfully classified into each stage of nucleation according to the particle size of the concerned mineral.
Concluding Remarks
In this article the magnetization-blocking process in chemical remanent magnetization and the variation in the intensity of remanent magnetization due to domain wall formation according to the size development of the precipitated ferromagnetic materials were clearly demonstrated with Cu-Co alloy. It was confirmed that the result, being fairly well explained by Neel's thermal fluctuation theory of single domain grain and the domain theory of ferromagnetics, can be successfully extended to the various kinds of CRM phenomena.
However, some of the important problems in CRM still remain unsolved. Among these, the following two seem to be the most important, i.e.
(1). the magnetic interaction between the precipitates and matrix substances as well as among the precipitates themselves.
(2). the effect of the magnetic anisotropy of ferromagnetic precipitates on CRM. Studies on these problems are now being undertaken.
